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Photoaged skin contains elastotic materials in the upper reticular dermis. This phenomenon is commonly known as
solar elastosis. In this study, we investigated the effects of heat on the expression of tropoelastin and ﬁbrillin-1,
two main components of elastic ﬁbers, and on matrix metalloproteinase (MMP)-12, the most active MMP against
elastin, in human skin in vivo. Heat was found to increase tropoelastin mRNA and protein expression in the
epidermis and in the dermis. Fibrillin-1 mRNA and protein expression were increased by heat in the epidermis, but
were decreased in the dermis. We found that pre-treatment of skin with N-acetyl cysteine or genistein for 24 h prior
to heat treatment inhibited the heat-induced expression of tropoelastin, but not of ﬁbrillin-1. These data indicate
that reactive oxygen species may play a role in tropoelastin expression by heat, but not in ﬁbrillin-1 expression. We
also found that heat treatment increases MMP-12 mRNA and protein expression in human skin. Our results suggest
that the abnormal production of tropoelastin and ﬁbrillin by heat in human skin and that their degradation by
various MMP, such as MMP-12, may contribute to the accumulation of elastotic material in photoaged skin.
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Skin aging can be considered to be because of intrinsic
(chronological) aging and photoaging (Gilchrest, 1989). The
histologic findings of intrinsic aging show a general de-
crease in the extracellular matrix with reduced elastin and
the disintegration of elastic fibers (Braverman and Fonferko,
1982). In contrast, the histologic findings of photoaged skin
characteristically show the accumulation of dystrophic
elastotic material in the reticular dermis, a process referred
to as solar elastosis (Mera et al, 1987; Montagna et al, 1989;
Warren et al, 1991). This accumulation of elastotic material
may be associated with increased elastin production in
photodamaged skin. Moreover, ultraviolet B (UVB) irradia-
tion has been demonstrated to upregulate tropoelastin gene
expression both in vivo and in vitro (Uitto, 1986). Previously,
we demonstrated that both acute and chronic UV irradiation
induce tropoelastin mRNA expression in epidermal keratin-
ocytes and in the fibroblasts of human skin in vivo, which
may contribute to increased elastin production in photo-
damaged skin and the accumulation of elastotic materials
(Seo et al, 2001). Moreover, increased fibrillin expression
and deposition have been reported within the reticular de-
rmis of photoaged skin (Bernstein et al, 1994), and acute
and chronic UV irradiation have been demonstrated to reg-
ulate fibrillin-1 mRNA expression in human skin (Werth et al,
1997; Seite et al, 2004).
Matrix metalloproteinase (MMP-12) is a member of the
MMP family, which is the most active MMP against elastin.
For example, MMP-12 has been shown to participate in the
degradation of elastic fibers in the process of emphysema
(Hautamaki et al, 1997), granulomatous skin disorders (Vaa-
lamo et al, 1999), and actinic damage (Saarialho-Kere et al,
1999). Previously, we demonstrated that UV irradiation
induces MMP-12 mRNA and protein expression in human
skin in vivo, and that the expression of MMP-12 protein is
increased in photoaged skin and colocalizes with the ma-
terial of solar elastosis, suggesting that MMP-12 plays an
important role in the development of solar elastosis (Chung
et al, 2002).
Heat is generated as a consequence of infrared (IR)
irradiation, and leads to an increase in skin temperature
during sun exposure, and some evidence indicates that
heat may be involved in both the skin aging and photoaging
processes. It is known that repeated and prolonged expo-
sure to heat insufficient to produce a burn, causes cutane-
ous changes, erythema ab igne, which is characterized
clinically by reticular pigmentation and telangiectasia, and
histologically by the basophilic degeneration of connective
tissue and the alteration of elastic fibers, which thus re-
sembles solar elastosis changes in photoaged skin (John-
son and Butterworth, 1971; Hurwitz and Tisserand, 1987).
Several studies have shown that heat increases the ex-
pressions of collagenase and stromelysin mRNA in synovial
and dermal fibroblasts, and have suggested that heat-
induced collagenase expression may contribute to connec-
tive tissue degradation in disease states (Vance et al, 1989;
Abbreviations: IR, infrared ray; MMP, matrix metalloproteinase;
NAC, N-acetyl cysteine; ROS, reactive oxygen species; UV, ultra-
violet
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Hitraya et al, 1995). Recently, we demonstrated that heat
induces MMP-1, MMP-3, but not MMP-2, in cultured der-
mal human fibroblasts through ERK and JNK activation and
autocrine IL-6 expression (Park et al, 2004). Comparatively
little is known, however, regarding the roles of heat on the
development of solar elastosis in human skin in vivo. In this
study, we demonstrate that heat regulates the expressions
of tropoelastin and fibrillin-1, two major proteins of elastic
fibers, and also MMP-12 in human skin in vivo. Furthermore,
we demonstrate that pre-treatment with antioxidants, i.e.,
N-acetyl cysteine (NAC) and genistein, inhibits the heat-in-
duced expression of tropoelastin. Our results suggest that
heat may be involved in the accumulation of elastotic
materials in sun-exposed areas of human skin in vivo.
Results
Heat-induced tropoelastin mRNA and protein expres-
sion in the epidermis and dermis of human skin
in vivo In order to investigate whether heat induces the
expression of tropoelastin mRNA and protein in human skin
epidermis and dermis in vivo, buttock skin was heated with
an electronic heating pad for 90 min at 431C; specimens of
both heated and non-heated skins were obtained from each
subject (n¼ 4) 24, 48, and 72 h after heating. After sepa-
rating epidermis from dermis, tropoelastin mRNA expres-
sion was determined by RT-PCR, using total RNA extracted
from the separated epidermis and dermis, respectively
(Fig 1a,b).
The expression of tropoelastin mRNA in the epidermal
tissue began to increase 171.2%  29.3% of baseline
(po0.05, n¼4) 24 h post-heat treatment, and reached
a maximum (306.0%  16.1%, po0.05) 48 h post-heat
treatment, and gradually decreased (72 h post-heating
124.0%  48.2%) (Fig 1a). In the dermis, heat increased the
tropoelastin mRNA level to a maximum of 176.3%  5.9%
of baseline (po0.05, n¼4) 24 h post-heat treatment and
then decreased to the near normal levels at 48 and 72 h
post-heating (Fig 1b). The PCR product was isolated, se-
quenced, and found to be identical to the tropoelastin cDNA
fragment (data not shown). After separating epidermis from
dermis, complete separation of epidermis from dermis was
confirmed by hematoxylin and eosin stain (data not shown).
By using western blot analysis, we demonstrated the
heat-induced expression of tropoelastin protein in the
Figure 1
Heat increased tropoelastin expression in human skin in vivo. The buttock skin of young subjects (n¼4) was heated at 431C for 90 min.
Specimens of heated and non-heated skins were obtained from each subject at 24, 48, and 72 h after heat treatment. Epidermis was completely
separated from dermis, as described in Materials and Methods. (a, b) The level of tropoelastin mRNA was determined by RT-PCR, using total RNA
extracted from epidermis and dermis, respectively. (c, d ) Tropoelastin protein was measured by western blotting soluble proteins extracted from the
epidermis and dermis, respectively. The bands are representative of findings in four subjects. Values are means  SEM of four subjects. TE,
tropoelastin. po0.05 versus non-heated control skin.
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epidermis and dermis of human skin in vivo (Fig 1c, d ). The
expression of tropoelastin protein in the epidermis began to
increase 48 h post-heat treatment to 134.8%  5.3% of
baseline, and increased significantly 72 h post-heat treat-
ment (402.4%  47.3%, po0.05) (Fig 1c). On the other
hand, in the dermis, heat treatment induced tropoelastin
protein expression maximally to 335.9%  27.4% of base-
line (po0.05) at 24 h after treatment and this then gradually
reduced to 178.9%  15.2% at 48 h (po0.05) and
136.4%  33.1% at 72 h post-heat treatment (Fig 1d ).
Heat increased the expressions of ﬁbrillin-1 mRNA and
protein in the epidermis, but reduced them in the de-
rmis RT-PCR showed that the expression of fibrillin-1
mRNA in epidermal tissue began to increase 24 h post-
heat treatment to 130.6%  14.5% of baseline (po0.05)
and peaked 48 h post-heat treatment (418.9%  22.6%,
po0.05), before returning to near the baseline level 72 h
post-heat treatment (154.8%  25.1%) (Fig 2a). In the de-
rmis, in contrast to the epidermis, heat decreased fibrillin-1
mRNA expression to 42.0%  1.0% of baseline (po0.05) at
24 h, 17.9%  4.5% (po0.05) at 48 h, and 19.2%  5.4%
(po0.05) at 72 h after heat treatment (Fig 2b). The PCR
product was isolated, sequenced, and found to be identical
to the fibrillin-1 cDNA fragment (data not shown).
By western blot analysis, in consistent with mRNA ex-
pression, we demonstrated that heat induced the expres-
sion of fibrillin-1 protein in the epidermis (Fig 2c), but
decreased the expression of fibrillin-1 protein in dermis of
human skin in vivo (Fig 2d ). Heat treatment increased the
expression of fibrillin-1 protein in the epidermis at 48 h
(316.1%  11.0%, po0.05) and 72 h (156.6%  6.0%,
po0.05) post-heat treatment (Fig 2c). In the dermis, how-
ever, heat treatment reduced fibrillin-1 protein expression
to 78.1%  1.7% (po0.05) of the baseline level at 24 h,
52.4%  1.6% (po0.05) at 48 h, and 45.5%  1.6%
(po0.05) at 72 h after treatment (Fig 2d ).
Heat-induced changes of tropoelastin- or ﬁbrillin-1-
immunoreactive ﬁbers in the dermis of human skin
in vivo By immunohistochemical (Fig 3a) and immunoflu-
orescence (Fig 3b) staining using anti-tropoelastin antibody
or anti-fibrillin-1 antibody, we found that the immunoreac-
tivities of tropoelastin or fibrillin-1 proteins were associated
with elastic fibers. We found that heat increased the num-
bers of tropoelastin-positive fine ascending fibers (oxytalan
Figure 2
Heat increased fibrillin-1 expression in the epidermis, but decreased this expression in the dermis of human skin in vivo. The buttock skin of
young subjects (n¼ 3) was heat treated, as described in Materials and Methods. (a, b) The level of fibrillin-1 mRNA was determined by RT-PCR,
using total RNA extracted from epidermis and dermis, respectively. (c, d) The fibrillin-1 protein was measured in soluble proteins extracted from the
epidermis and dermis, respectively, by western blotting. Bands are representative of the findings of three subjects. Values are the means  SEM of
three subjects po0.05 versus non-heated control skin.
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fibers) in the papillary dermis beneath the dermoepidermal
junction, and also the number of tropoelastin-positive
elaunin and elastic fibers in the mid-dermis. Measurements
of total tropoelastin-immunoreactive elastic fiber areas
showed that heat increased elastic fiber numbers signifi-
cantly by 125.3%  5.3% (po0.05) at 24 h, 150.8% 
12.0% (po0.05) at 48 h, and by 163.1%  21.6% (po0.05)
at 72 h, respectively, compared with the non-heated skin of
the same individuals (Fig 3a). This results suggest that heat
can increase tropoelastin protein synthesis and that this in-
creased tropoelastin production results in the deposition on
microfibrils in the dermis.
On the other hand, heat reduced fibrillin-1-immuno-
reactive elastic fibers. The total area of fibrillin-1-immuno-
reactive fibers reduced significantly to 80.0%  16.1%
(po0.05) 72 h after heat treatment (Fig 3a). This observa-
tion suggests that the net balance of fibrillin-1 production in
epidermis and dermis by heat results in reduced fibrillin-1
production, which leads a reduction of microfibrils in heated
skin.
Figure 3
Immunohistochemical
and immunofluoresce-
nce staining of tropo-
elastin and fibrillin-1
protein in heat-treated
human skin in vivo. The
buttock skin of young
subjects (n¼ 5) was heat
treated as described in
Materials and Methods.
(a) Immunohistochem-
ical and (b) immuno-
fluorescent staining were
performed using anti-hu-
man tropoelastin and fi-
brillin-1 antibodies. The
total areas of tropoelas-
tin-positive and fibrillin-
1-positive fibers were
determined by image
analysis. The figures
shown are representa-
tive of the findings of
five subjects. Values are
the means  SEM of five
subjects. po0.05 ver-
sus non-heated control
skin.
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Pre-treatment with the antioxidants, genistein and NAC,
inhibited the heat-induced expression of tropoelastin
mRNA, but not that of ﬁbrillin-1 mRNA in the epidermis
of human skin in vivo To determine whether heat exerts
its effects on the mRNA expressions of tropoelastin and
fibrillin-1 via the generation of reactive oxygen species
(ROS), we investigated the effects of topical 1% genistein
and 20% NAC on the heat-induced mRNA expressions of
tropoelastin and fibrillin-1 in human skin epidermis in vivo.
As mentioned previously, heat increased the expressions of
tropoelastin mRNA (Fig 4a, b) and of fibrillin-1 mRNA (Fig
4c, d) significantly 48 h post-heat treatment in human ep-
idermis. Skin pre-treatment with 1% genistein (Fig 4a) or
20% NAC (Fig 4b) for 24 h prior to heat inhibited the heat-
induced expression of tropoelastin mRNA significantly. On
the other hand, heat-induced fibrillin-1 mRNA expression
was not inhibited by topical genistein (Fig 4c) or NAC (Fig
4d) pre-treatment. These results suggest that the heat-in-
duced generation of ROS may play an important role in the
expression of heat-induced tropoelastin, but not of that of
fibrillin-1 in human skin in vivo. We also observed that the
topical application of genistein and NAC significantly inhib-
ited the basal level of tropoelastin mRNA, but not of fibrillin-
1 mRNA.
Heat-induced MMP-12 mRNA and protein expression in
human skin in vivo It has been reported that MMP-12
mRNA and protein are induced by UV or TPA in fibroblasts,
but not in normal human epidermal keratinocytes (Chung
et al, 2002). Therefore, in this study, we investigated the
effects of heat on MMP-12 expression in the dermis of hu-
man skin. The expression of MMP-12 mRNA in the dermis
peaked at 494.7%  19.8% of baseline (po0.05) 24 h after
heat treatment, and then started to decline (48 h post-heat,
309.6%  17.0%, po0.05) to return to baseline at 72 h
post-heat treatment (Fig 5a). The PCR product was isolated,
sequenced, and found to be identical to a portion of MMP-
12 cDNA (data not shown). Western blot analysis confirmed
Figure 4
The antioxidants, genistein, and N-acetyl cysteine (NAC), inhibited the heat-induced expression of tropoelastin mRNA but not of fibrillin-1
mRNA in human skin epidermis in vivo. (a, c) 1% genistein or (b, d ) 20% NAC were pre-treated topically on the buttock skin of young volunteers
(n¼ 5), under occlusion, for 24 h prior to heat treatment. Buttock skin was then heated as described in Materials and Methods. Heated and non-
heated skin samples were taken at 48 h post-heat treatment by punch biopsy, and epidermis was completely separated from dermis. The levels of
(a, b) tropoelastin and (c, d) fibrillin-1 mRNA were determined by RT-PCR, in total RNA extracted from epidermis. The bands shown are rep-
resentative of the findings in five subjects. Values are the means  SEM of five subjects. TE, tropoelastin. po0.05 versus non-heated control skin,
ypo0.05 versus heat-treated skin.
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the heat-induced expression of MMP-12 protein in the de-
rmis (Fig 5b), which increased significantly at 48 h
(333.2%  13.5%, po0.05) and 72 h (152.6%  18.3%,
po0.05) post-heat treatment.
Discussion
The repetitive exposure of human skin to sunlight is to pre-
maturely age skin (photoaging) (Uitto, 1986; Gilchrest,
1996). The effects of UV of sunlight on skin aging have
been widely studied and it has been established that UV in
human skin modulates the synthesis of procollagen, elastin
and fibrillin-1, and also induces the expression of MMP,
which play important roles in the degradation of extracel-
lular matrix components during photoaging (Fisher et al,
2002; Jenkins, 2002; Rittie and Fisher, 2002; Chung, 2003).
Although many studies have been undertaken to elucidate
the molecular consequences of UV irradiation, little is
known of the effects of heat on skin aging.
Direct sun exposure can increase the skin temperature to
401C–421C within 15–20 min (personal observation). More-
over, radiant heat emitted by stoves, furnaces, or similar
devices can cause cutaneous changes similar to those
found in chronically sun-exposed skin (Dover et al, 1989).
Prolonged heat exposure causes the development of se-
vere elastic fiber hyperplasia that extends deep into the
dermis, and degenerates dermal collagen (Johnson and
Butterworth, 1971; Shahrad and Marks, 1977). Moreover, it
has been reported that chronic IR radiation exposure can
cause pronounced elastosis in mouse skin, which mimics
the damage caused by UV (Kligman, 1982). IR generates
heat, and it is possible this heat alters the expressions of
extracellular matrix proteins in human skin.
In photoaged skin, it has been suggested that the accu-
mulation of elastotic material in the upper and reticular
dermis is associated with increased elastin production
(Mera et al, 1987; Montagna et al, 1989; Warren et al, 1991;
Seo et al, 2001). Moreover, UV irradiation has been dem-
onstrated to upregulate tropoelastin gene expression both
in vivo and in vitro (Bernstein et al, 1994, 1995). Under nor-
mal circumstances, epithelial cells, such as keratinocytes,
are not considered to be elastin-producing cells. We dem-
onstrated previously that keratinocytes, like fibroblasts, are
a source of tropoelastin production after acute and chronic
UV irradiation in human skin in vivo (Seo et al, 2001). It has
also been shown that tropoelastin mRNA expression in the
sun-exposed skin of the elderly is higher in keratinocytes
and fibroblasts than in sun-protected skin in the same in-
dividuals (Seo et al, 2001). In this study, we investigated the
effects of heat on the expressions of tropoelastin in human
skin in vivo and demonstrate, for the first time, that heat like
UV, can increase tropoelastin mRNA and protein expression
in the epidermis and in the dermis of human skin.
Increased fibrillin expression and its deposition have
been reported within the dystrophic elastotic material in the
reticular dermis of photoaged skin (Bernstein et al, 1994,
1995). In addition, it was reported that fibrillin-1 mRNA lev-
els were increased by chronic UV exposure (five times a
week for 6 wk) in human skin (Seite et al, 2004). Acute UV
irradiation, however, was found to suppress fibrillin-1 mRNA
expression in human skin and in cultured fibroblasts (Werth
et al, 1997). In this study, we found that heat increased
fibrillin-1 mRNA and protein expression in the epidermis,
but decreased them in the dermis. The reason for this dif-
ferential effect of heat on the expression of fibrillin-1 in ep-
idermis and dermis remain to be determined, although it
may be because of cell-specific responses to heat.
In this study, we demonstrated the expression of
tropoelastin and fibrillin-1 mRNA by RT-PCR in the epider-
mis, and the expression of tropoelastin and fibrillin-1 pro-
teins in the epidermis by western blot analysis, although
their protein expression were not detectable by immuno-
staining in the epidermis. It is possible that immunohisto-
chemistry may not be a sensitive enough technique to
discern small variations, compared with western blot anal-
Figure 5
Heat-induced matrix metalloproteinase (MMP)-12 expression in human skin in vivo. The buttock skin of young subjects (n¼ 3) was heat treated
as described in Materials and Methods. (a) The level of MMP-12 mRNA was determined by RT-PCR, using the total RNA extracted from dermis. (b)
MMP-12 protein was measured in soluble proteins extracted from the dermis, by western blotting. The bands shown are representative of the
findings of three subjects. Values are the means  SEM of three subjects po0.05 versus non-heated control skin.
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ysis. Our finding suggests that keratinocytes in the epider-
mis may contribute to elastic fiber network formation by
producing tropoelastin and fibrillin-1 proteins in human skin
in vivo.
Elastic fibers have an amorphous elastin core embedded
within a mantle of microfibrils. The fibrillins are major com-
ponents of microfibrils, which are either associated with el-
astin in elastic fibers or as elastin-free bundles. Microfibrils
are thought to regulate the assembly and organization of
elastic fibers by providing the scaffold that guides
tropoelastin deposition (Rosenbloom et al, 1993). In this
study, we found that heat increases tropoelastin-positive
fiber numbers, but reduces fibrillin-1-positive fibers in hu-
man skin in vivo. Based on our results, we speculate that
the reduced fibrillin-1 expression in the dermis by heat
might cause a reduction in the number of microfibril bundles
in the upper dermis, and thus reduce tropoelastin deposi-
tion on microfibrils, leading to abnormal elastic fiber as-
sembly. These results indicate that acute heat exposure
regulates the synthesis of elastin and fibrillin, changes the
ratio of tropoelastin to fibrillin, and affects the formation of
elastic fibers in human skin. To our knowledge, there has
been no study regarding the alteration in ratio of tropoelas-
tin to fibrillin proteins during photoaging process in human
skin. Therefore, changes of tropoelastin and fibrillin-1 ex-
pression during intrinsic aging and photoaging processes
are needed to be investigated. Previously, it was observed
that UV irradiation increased both the number and size
(length and diameter) of elastic fibers in the dermis of hair-
less mice (Starcher et al, 1999). Therefore, our findings
suggest that like UV, heat is an important external stimulus,
which modulates the formation of elastic fibers networks in
human skin.
It has been demonstrated that the topical application of
antioxidants, genistein or NAC, can interrupt the UV signa-
ling cascade in human skin that leads to photoaging (Kang
et al, 2003). They demonstrated that UV increases H2O2 in
human skin in vivo, and that both antioxidants blocked UV-
induced signaling, despite the fact that these antioxidants
target different molecules. In addition, heat is known to in-
duce ROS generation (Hall et al, 1994; Zhang et al, 2003),
and thus we investigated the role of ROS in heat-induced
tropoelastin and fibrillin-1 expressional changes. We found
that skin pre-treatment with NAC or genistein for 24 h prior
to heat treatment inhibited the heat-induced expression of
tropoelastin in the epidermis, but not of fibrillin-1. These
results indicate that heat-induced ROS may play a critical
role in heat-induced tropoelastin expression, but not in
heat-induced fibrillin-1 expression. The molecular mecha-
nisms of heat-induced ROS production is still unknown,
however, and remains to be investigated.
Previously, we demonstrated that acute UV irradiation
induces MMP-12 expression in macrophages and fibro-
blasts, but not in keratinocytes in human skin in vivo, and
that significant amounts of MMP-12 protein are expressed
in association with elastotic materials in the upper dermis of
photoaged skin, suggesting that MMP-12 may play an im-
portant role in the development of solar elastosis (Chung
et al, 2002). In this study, we also found that heat treatment
increased MMP-12 mRNA and protein expression in human
dermis in vivo. It has been reported that heat increases the
expression of collagenase and stromelysin mRNA in syno-
vial and dermal fibroblasts (Vance et al, 1989; Hitraya et al,
1995; Park et al, 2004). These results suggest that heat-
induced MMP are involved in the development of solar el-
astosis.
It is also possible that various cytokines and growth fac-
tors produced by skin cells and inflammatory cells in heat-
treated human skin may play important roles in the regu-
lation of tropoelastin/fibrillin/MMP-12 expression in human
skin in vivo. In this study, we used fixed temperature (431C)
to heat the buttock skin of human volunteers and therefore,
the temperature-dependent effects of heat between normal
skin temperature (311C–321C) and 431C should be further
investigated in human skin.
In conclusion, the heat treatment of human skin was
found to increase the synthesis of tropoelastin, and to de-
crease the expression of fibrillin-1. Moreover, such changes
may contribute to the accumulation of elastotic material and
prevent the formation of elastic fibers in human skin (Fig 6).
Furthermore, heat-induced MMP, including MMP-12, are
capable of destroying the pre-existing elastic fiber network
and of degrading newly synthesized tropoelastin and fibrillin
proteins, and thus contribute to the loss of elastic fibers
and/or the accumulation of elastotic materials in photoaged
skin. Our findings suggest that heat, like UV, is a major en-
vironmental stimulus that probably plays an important role
in the development of solar elastosis and pre-mature skin
aging. Thus, in addition to sunscreen, new strategies to
block heat-induced skin aging (thermal aging) need to be
developed to more effectively prevent skin aging.
Materials and Methods
Heat exposure and skin samples A total of 16 young Koreans (16
men, mean age, 25.2 y; age range, 21–36 y) without current or prior
skin disease, provided skin samples. A heater with a temperature
controller and a heating-pad (Hyun Medics, Buchun, Korea) served
as a heat source. The skin of the buttock was heated with heating
pad at 431C for 90 min. The phototypes of the Korean subjects
included types III, IV, and V. Heated and non-heated buttock skin
samples were obtained from each subject by punch biopsy at the
indicated time points after heat application, and immediately fro-
zen in liquid nitrogen and stored at 701C. Genistein (1%, Sigma-
Aldrich, St Louis, Missouri), NAC (20%, Sigma-Aldrich) and their
vehicles (70% ethanol, 30% propylene glycol, 0.05% 3,5-di-ter-
abutyl-4-hydroxytoluene for genistein; water for NAC) were applied
to skin under light-tight occlusion 24 h before heat treatment, and
skin samples were obtained 48 h after heat treatment. This study
was conducted according to Declaration of Helsinki Principles. All
procedures involving human subjects received prior approval from
the Seoul National University Institutional Review Board, and all
subjects provided written informed consent.
RNA isolation and RT-PCR assay The epidermis was completely
separated from the dermis in 20 mM ribonucleoside vanadyl com-
plex at 651C for 1.5 min. Total RNA was prepared from the sep-
arated epidermal and dermal tissues using Trizol (Life Technologies,
Rockville, Maryland), according to the manufacturer’s protocol. Iso-
lated RNA samples were electrophoresed in 1% agarose gels to
assess quality and for quantitation. The extracted total RNA (1 mg)
was reverse transcribed using a first-strand cDNA synthesis kit for
RT-PCR (MBI Fermentas, Vilnius, Lithuania). Semiquantitative PCR
was performed using primers for human tropoelastin (forward, 50-
ACC TGG GAC AAC TGG AAT CC-30; reverse, 50-AAA GCA GCA
GCA AAG TTC GG-30), fibrillin-1 (forward, 50-GGT GAA TGT ACA
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AAC ACA GTC AGC A-30; reverse, 50-ATA GGA ACA GAG CAC AGC
TTG TTG A-30), and MMP-12 (forward 50-ACA CCT GAC ATG AAC
CGT GAG-30; reverse 50-TGG CCA AGA CCT AAG GAA TG-30),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (forward, 50-
ATT GTT GCC ATC AAT GAC CC-30; reverse, 50-AGT AGA GGC
AGG GAT GAT GT-30). The PCR conditions used were: one cycle of
initial denaturation (for 5 min at 941C), 27 cycles (GAPDH) or 34
cycles (tropoelastin, fibrillin-1, and MMP-12) of amplification (for 1
min at 941C, 1 min at 601C, and 1 min at 721C), and one cycle of final
extension (for 10 min at 721C). Reaction products were elect-
rophoresed in 2.0% agarose gels and visualized with ethidium bro-
mide. Signal strengths were quantified using a densitometric
program (TINA; Raytest Isotopenmebgerate, Straubenhardt, Ger-
many). No PCR products were obtained in control reactions with
reverse transcriptase omitted. After normalizing versus GAPDH in-
tensity, percentage increases or decreases were determined. Each
experiment was repeated at least three times.
Western blot analysis Western blot analyses were performed as
described previously (Chung et al, 2001). Briefly, skin samples were
homogenized in lysis buffer (50 mM Tris-HCl (pH 7.4), 2 mM EDTA,
100 g per mL leupeptin, 20 mg per mL aprotinin, and 100 mM NaCl),
and rotated at 41C for 10 min. Supernatants were collected and
kept at 701C. Proteins were separated by 4%, 10%, or 12%
SDS-PAGE, and transferred to nitrocellulose membranes. After
blocking for 60 min with Tris-buffered saline (50 mM Tris, pH 8.0,
150 mM NaCl; TBS) containing 5% non-fat milk, membranes were
incubated with primary antibody; polyclonal anti-human tropoelas-
tin antibody (Elastin Products, Owensville, Missouri), monoclonal
anti-human fibrillin-1 antibody (Neomarkers, Fremont, California),
or monoclonal anti-human MMP-12 antibody (R&D Systems, Min-
neapolis, Minnesota), and then probed with anti-mouse IgG-HRP
conjugates (Amersham Pharmacia Biotech, Little Chalfont, UK;
1:2000), or anti-rabbit IgG-HRP conjugates (Amersham Pharmacia
Biotech; 1:2000), for 1 h at room temperature and then washed
twice with TBST. Antibody–antigen complexes were detected us-
ing an ECL system (Amersham Pharmacia Biotech).
Immunohistochemical and immunoﬂuorescence staining Se-
rial sections of 5 mm thickness were mounted onto silane coated
slides (Dako, Glostrup, Denmark). Acetone-fixed frozen sections
were stained with the following primary antibodies for 1 h at room
temperature: polyclonal anti-human tropoelastin antibody (Elastin
Products, 1:800) or monoclonal anti-human fibrillin-1 antibody
(Neomarker, 1:100).
After rinsing in phosphate-buffered saline, for immunohisto-
chemical staining, the sections were visualized using an LSAB kit
(Dako), which incorporates a biotinylated secondary antibody and
horseradish-streptavidine conjugate. 3-Amino-9-ethylcarbazole
was used as a chromogenic substrate. The sections were coun-
terstained briefly in Mayer’s hematoxylin. Control staining was
performed with normal rabbit and mouse Ig and showed no
immunoreactivity (data not shown). The entire field of each section
was examined at  400 magnification, and the total area of
immunopositive elastic fibers were determined using an image
analyzer (IMTechnology, Daejeon, Korea).
For immunofluorescence staining, the sections were incubated
with secondary TRITC-conjugated goat anti-rabbit IgG (Zymed,
San Francisco, California) and FITC-conjugated goat anti-mouse
IgG (Dako) antibody for 1 h at room temperature. Nuclei were
counterstained by DAPI staining. Immunofluorescent staining was
observed using immunofluorecscent microscope (Olympus Venox
AHBT3, Hatagaya, Japan).
Statistics Statistical analyses were performed by using the Mann–
Whitney U-test. A p-value of less than 0.05 was considered sta-
tistically significant. All analyses were performed using Statistical
Analysis Software (SAS, Cary, North Carolina).
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Figure 6
Heat modulation of tropoelastin, fibril-
lin-1, and MMP-12 in human skin
in vivo.
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